Polyamines and other charged amines bind to RNA by hydrogen bonding to the 3' phosphate and to the 2' OH. This mode of binding suggests a mechanism by which DNA and RNA might be distinguished by enzymes.
INTRODUCTION
The biochemical importance of polyamines has recently become more widely recognized 1~1 *. Polyamines bind strongly to polynucleotides and stabilize both secondary and tertiary structure, they are associated with nucleic acids in_ vivo» and they may be important in regulating the biological function of some nucleic acids 1 " 1 *. The studies of Gosule and Schellman 5 and of Flink and Pettijohn 6 indicate that spermine, NH 2 (CH 2 ) 3 NH(CH 2 ) 1) NH(CH 2 ) NH 2 , may play an important role in packaging DNA in bacterial cells and in phage. Spermine affects the properties of tRNA in solution 2 and the crystallization of tRNA for x-ray diffraction studies was accomplished using solutions containing spermine 3 .
A number of methods have been used to study polyamine interactions with nucleic acids, but there is little direct evidence concerning the precise manner in which polyamines bind to RNA and DNA. Tsuboi 8 and Liquori, et al., 9 proposed models for spermine and spermidine, NH 2 (CH 2 ) NH(CH 2 ) NH 2 ,binding to DNA in which phosphate groups interact with each positively charged amino group, the tetramethylene portion of the polyamine bridges the narrow (minor) groove of the helix between the two strands and the trimethylene portion bridges adjacent phosphate groups. Gabbay and co-workers 10 > n proposed that diamines bind in the minor groove of RNA and DNA by hydrogen bonding of the amines to phosphate oxygens.
The model of Gabbay and co-workers is of interest since we have presented pmr evidence that the 2' OH of RNA is involved in hydrogen bonding to a water © Information Retrieval Limited 1 Falconberg Court London W1V5FG England Figure 1 . Schematic drawing of the water molecule which interacts with both the 2' OH and 3' phosphate. The interaction of a charged amine with the 2' OH and 3 1 phosphate is also shown. Note that the 2' OH proton is not hydrogen bonded to the amine. molecule which is simultaneously hydrogen bonded to the 3' phosphate 12 ( Fig.   1 ). Gabbay's model implies that the binding of amines to RNA would displace the bound water molecule and profoundly affect the 2' OH-phosphate interaction, and hence the resonance of the 2' OH proton.
In the present investigation, high resolution pmr is used to study the interaction of polyamines with RNA. This method is very sensitive to changes in nucleic acid conformation and can be used to monitor both hydrogen bonding and stacking interactions. Furthermore, we recently found conditions in which the resonance from the 2' OH proton of RNA can be observed (at 6.8 ± 0.2 ppm) and this provides an additional monitor of the RNA backbone conformation and minor groove binding sites 12 . As we shall show, the binding of certain polyamines has a pronounced and specific effect on the resonance of the 2' OH proton which can be used to characterize the nature of the polyamine-RNA interaction. To evaluate the influence of binding strength and ionic charge on the nature of the polyamine-RNA interactions, several classes of compounds were investigated. Mono-and di-amines were included because they are ionic amines which bind less strongly to RNA than polyamines, whereas urea was included to explore the effect of an uncharged amine. The binding of magnesium was studied to determine how a divalent cation, which is believed to specifically interact with the phosphate groups, affects the behavior of the resonance from the 2'
OH proton.
RESULTS
Interaction of RNA with Amines and Folyamines. The results in Fig. 2 show the effect of the polyamine spermine on the spectra of poly(A), poly(C) 3mM spermine poly (U) T=I2°I mM spermine 9 8 poly(C) Figure 2 . 300 MHz pmr spectra of (a) poly(A), (b) poXy(U) and (c) poly(C) in the presence and absence of spermine. The level of spermine and temperature are indicated in the figure. The samples were prepared as described elsewhere 12 and the concentration of the samples, in monomer units, was 40-45 mM. The chain lengths of the samples were about 70. Samples were extensively dlalyzed against 0.1 M NaCl and either 10 mM cacodylate or phosphate buffer at pH 7.0. The pmr spectra were obtained by use of correlation spectroscopy helix with U'U base pairs 13 . In each case the addition of about one spermine per ten phosphates eliminates the resonance of the 2' OH proton at 6.8 ± 0.2 ppm without affecting any other RNA resonances. The observation that polyamines eliminate the 2' OH resonance at levels less than one amine per phosphate is consistent with the fact that, while the binding constant of polyamines is rather large, the polyamines are quite mobile when bound to nucleic acids 19 .
The spectra in Fig. 2 show also that the resonance is not lost by gradual shifting of the resonance position with increasing levels of spermine and that the addition of spermine beyond the level needed to eliminate the resonance from the 2' OH proton has no other effect on the spectra. Significantly, resonances from the exchangeable amino protons are not affected by spermine.
The effects of spermine on the spectra of double helical poly(I)'poly(C) and on tRNA are shown in Fig. 3 . In both cases the addition of less than one spermine per ten phosphates induces the loss of intensity near 6.8 ppm from 2'
OH proton resonances with some small shifts (less than about 0.1 ppm) and sharpening of the spectrum of poly(I) •poly(C) . The spectrum of E_. coli tRNA M i x e d is too diffuse to observe any small shifts.
The results presented above show that the addition of spermine or spermidine to ENA specifically eliminates the resonance from the 2' OH proton. The diamines putrescine, cadaverine and lysine (Fig. 4 ) also exhibit this specific effect, but higher levels are required (about one amine per phosphate) to eliminate the 2' OH resonance of the homo-ribopolynucleotides. Monoamines such as glycine will also eliminate the 2' OH resonance, but only at levels of about three amines per phosphate. The amine urea, which is uncharged in the conditions used in these experiments, has no effect on the 2' OH resonance up to at least 200 mM. In summary, all of the positively charged amines investigated can eliminate the 2 1 OH resonance.
To examine the effect on the 2' OH resonance when other positively charged ions bind to the phosphate group, the spectra of poly(U) and poly(A) were in- 4mM spermine E.coli tRNA' T=l°m ixed ppm Figure 3 . 300 MHz pmr spectra of (a) poly(I)*poly(C) and (b) mixed £. coli tRNA in the presence and absence of spermine. The level of spermine and the temperature are indicated in the figure. The samples and spectra are described in the caption to Fig. 2 . The tRNA sample, 1 mM, was dialyzed against a buffer containing 10 mM magnesium in addition to the above constituents. Assignment of the poly(I)*poly(C) spectrum will be discussed elsewhere. OH proton with water seems unlikely since high levels of magnesium or sodium do not eliminate the 2' OH proton resonance. Thus, it appears that some other mechanism has to be invoked to account for the highly specific effect of amine binding on the 2 1 OH proton resonance. In an earlier study 12 we presented pmr evidence that the resonance from the 2' OH proton can only be observed in aqueous solutions in ordered polynucleotldes where it is both protected from exchange with water and shifted downfield by a hydrogen bonding interaction with a water molecule that is simultaneously hydrogen bonded to a 3' phosphate oxygen. In this scheme, depicted in Fig. 1, a bridging water molecule acts as a proton acceptor for the 2' OH and as a proton donor to the phosphate. The results on the interaction of amines with RNA presented here and elsewhere 1 >3, 1 t,l0,11 a r e consistent with the notion that the amines substitute for the bridging water molecules in the manner shown in Fig. 1 .
In this scheme, the amine acts as proton donor to both the 3 1 phosphate and the 2' OH oxygens. This effect is not observed for uncharged amines presumably due to their relatively weak binding to RNA. As recently discussed by This model for the binding of amines to RNA is similar to that of Gabbay 10,11 alu j co-workers. The main difference is that in the model proposed here the amine hydrogen bonds to both the phosphate oxygen and 2' OH oxygen, and displaces a bound water molecule. The conformation of the amines bound to RNA is essentially the same in both proposals.
Since the above results suggest that the binding of amines to RNA involves hydrogen bonding to the phosphates as well as to the 2' OH, the binding of amines to RNA and DNA may be different because of the additional hydrogen bonding offered by RNA. Furthermore, the interstrand separations are different in RNA than in B form DNA. Presumably, electrostatic interactions contribute much of the binding energy of the polyamines to RNA and DNA, but the present study suggests that there is an additional hydrogen bonding interaction which contributes in the binding to RNA, but not DNA. This interaction with the 2 1 OH of the RNA might be utilized by certain proteins to distinguish between RNA and DNA.
